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Abstract-This paper presents the application of the one-bit 
time reversal technique to a longitudinal strain sensor. The setup 
consists of a pair of piezoelectric transducers bonded in the 
extremities of a strip of aluminum plate. When the plate is 
subjected to traction, time reversal focalization is performed, the 
mismatch between the impulse response at initial and strained 
levels causes loss in the focusing quality. The strain can be 
evaluated by measuring either the time of flight shift or the 
amplitude decrease in the focused signal. One-bit time reversal 
can simplify the electronic device to perform the proposed 
technique. In this work, the results using one-bit and normal time 
reversal implementation were compared. Experiments were 
performed using three different 2-2 piezocomposite transducers 
pairs at 500, 1000 and 2250 kHz. The longitudinal strain was 
applied up to 150 �-strain using a strain gauge as a reference. 
The time reversal energy efficiency was used as a spectrum figure 
of merit and obeys the sensitivity behavior. The one-bit time 
reversal variation provided good focused signal for all 
experiments and no significant loss in focus quality. Moreover, 
every configuration showed a higher sensitivity than its normal 
time reversal version, at least 10% depending on the transducer. 
The one-bit technique reveals an important enhancement for the 
method; it holds the natural advantage of being simpler and the 
benefit of higher sensitivity. 
Keywords-One-bit time reversal, Guided waves, Strain 
monitoring. 
I. INTRODUCTION 
The use of ultrasonic techniques is a common practice in 
monitoring the structural health of mechanical structures. 
These techniques are often low-cost, robust and easy to install, 
allowing the design of sensor networks distributed along the 
structure [1]. Ultrasonic signals can be used for mechanical 
strain monitoring [2] showing a very useful application when 
concerning both strain and some kind of damage monitoring 
[3]. 
Interpretation of ultrasonic signals can be difficult as they 
propagate in complex structures. A common situation is the 
propagation in plate structures; in this case, guided waves 
predominate. Depending on the wavelength and on the plate 
thickness, these waves are named Rayleigh or Lamb waves. 
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Lamb waves can propagate in symmetric and anti symmetric 
modes. Depending on the frequency and mode, it presents 
dispersive behavior, hindering the use of conventional signal 
processing techniques. In the pitch and catch transducers 
arrangement, if a short ultrasonic pulse is emitted by one 
transducer, a long dispersed signal is sensed in the other 
transducer of the pair. The dispersion effect makes the precise 
determination of the time of flight difficult when several modes 
propagate in the plate. 
When the plate is subjected to a longitudinal tensile stress, 
each propagation mode increases the time-of-flight due 
primarily to changes in geometry. This phenomenon has been 
investigated to monitor mechanical load using only single 
mode guided waves [2] and to determine the presence of cracks 
produced by fatigue in plates [3]. The use of many modes, 
introduced in the plate by a broadband excitation, renders this 
process quite hard to analyze due to the many different time-of­
flight of each of them. The use of the time-reversal technique 
can concentrate attention on the specific focus instant; the 
benefit of this process is increasing the amplitude sensitivity 
that can be technologically easier to analyze than determining 
the time-of-flight shift [4]. When using the single mode, there 
are no relevant amplitude differences and the time-of-flight 
delay is about some nanoseconds, requiring high sampling rate 
to be detectable. In practice, to evaluate the strain by the time 
reversal approach, previous calibration of the plate is 
necessary. 
The time reversal process is a well-known method for 
obtaining focused acoustic waves in both time and space. In the 
case of guided Lamb waves, the use of time reversed signals 
compensates the dispersion of each propagation mode, 
recompressing the signal at the focus point [5]. The one-bit 
variation of time reversal sets the amplitude of the exciting 
signal to ±l depending on the sign of the signal received. It is 
simpler to implement as it only uses two voltage levels instead 
of a full analog synthesizer [6-8]. In this work, the one-bit time 
reversal setup is used for strain monitoring. The aim of this 
work is the possibility of simplifying the required hardware to 
physically implement the time reversal process. 
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II. ONE-B IT TIME REVERSAL 
The time reversal process can be summarized in four steps. 
At the first step, an excitation pulse xo(t) is applied at the 
transmitter transducer, Te. At the second step, the signal yo(t), 
is received at the receiver transducer Tr. This signal depends on 
the medium and the Xo pulse, it can be expressed as a 
convolution operation 
Yo(t) = xo(t) * h(t) . (1) 
Considering the excitation pulse sharp enough, relatively to 
the transducers bandwidth, Yo is proportional to the system 
impulse response h(t). Fig. 1 shows the experimental impulse 
response function in time and frequency domain using a 
500kHz piezocomposite transducers for guided wave 
propagation. 
The time reversion occurs at step three, at which the signal 
received at step two is time-reverted and transmitted back into 
transducer Te 
Xl (t) = Yo( -t) . (2) 
At the fourth step, the signal is read at Tr after new 
propagation 
(3) 
Assuming the time invariance of the system between steps 
two and four, the time reversal signal received is equivalent to 
YTR(t) = h( -t) * h(t) . (4) 
The last equation indicates that the time reversal process is 
equivalent to the cross-correlation. In the frequency domain, 
the convolution is translated into ordinary product and time 
reversion becomes the complex conjugation. Hence, expression 
(4) in the frequency domain is 
(5) 
where H(f) is the system transfer function (Fourier transform of 
h(t)) and(*) means the complex conjugate. The ability of 
focusing, by coherent phase matching in the system response, 
is evident in (5), i.e. all the frequency components are placed in 
phase at the origin. 
The one-bit variation of the time reversal uses the sign of 
signal x,(t) to be reverted and transmitted back [6, 7]. This 
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Figure I.Impulse response using a500kHz transducer pair, as a function of time 
(top) and the Fourier TransfOlm (bottom). 
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means that the signal to be transmitted back presents only 
values V or -V, where V is the excitation voltage used in the 
equipment, which means that no amplitude information is 
considered. Step three becomes 
Xlbit(t) = V sign{h( -t)} (6) 
and thus the signal received at step four is 
YTRlbit(t) = V sign{h( -t)} * h(t) (7) 
Fig. 2 shows a detail of the one-bit signal using the same 
data as in Fig 1. This time reversal version is technologically 
easier to implement as only a voltage switch is required instead 
of a full analog synthesizer used in the normal technique. The 
major advantage, besides simplicity, is that the focus gain is 
maximized. Montaldo et al. [7] show that the use of 1 bit time 
reversal maximizes the energy at the focus using a maximum 
voltage V. This claim concerns the amplitude at the focus (t=O) 
and no other assumption regarding the overall signal shape, as 
its symmetry or, level outside the focus, can be concluded from 
it. These parameters are dependent on the system. No 
relationship in the frequency domain can be straightforwardly 
obtained as in (5). 
III. STRAIN MONITORING BY TIME REVERSAL 
The theory exposed in the previous section assumes that the 
system is time invariant; impulse response h identified in the 
first step is the same in the next instants, when the signal is 
retransmitted. The proposed strategy monitors changes in h 
trough the analysis of changes in the focus of the time reversal 
signal. These changes are essentially originated by the external 
longitudinal traction applied to the strip, temperature is 
assumed constant. In the first step, the transfer function is 
measured at zero strain, next the transfer function is changed 
by the applied strain. The explicit strain level dependence is 
introduced below. 
Without external stress, the transfer function is designated 
as H(O,f), whereas the transfer function at the strain level I: is 
H( c,f). Introducing the additional hypothesis that the amplitude 
of the transfer function remains invariant (changes are only in 
phase), expression (6) is modified as follows [4], 
(8) 
where L1 � c, w) is the phase difference of the transfer function 
between the initial zero strain state and the deformed state at 
strain level c. To evaluate the effect of the strain changes in a 
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Figure 2. Original signal, nOlmalized, and sign of time revelted signal in Fig. I. 
To illustrate the concept, only a window of 100 fls is presented. 
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plate, expression (8) is transformed into the time domain by the 
inverse Fourier Transform 
Ytr(E, t) = fIH(0'[Wejt;q,(c:,f)ej2nftdf (9) 
The phase variation is dependent on the propagation mode 
and frequency [2, 4]. Hence, the use of many modes introduces 
a mismatch in the time reversal signal increasing the sensitivity 
of time of flight shift and also causes the amplitude at instant 
t=O to decrease. 
It has been shown that the amplitude sensitivity is more 
intense for systems in which the time reversal produces a more 
concentrated focus [9]. To evaluate the time reversal efficiency 
to concentrate the energy at the focus, a figure of merit named 
Time Reversal Energy Efficiency (TREF) is used. It is defined 
as the ratio of the energy at the focus peak divided by the 
global signal energy, such that the focus peak is the signal part 
between the two zeroes crossing immediately before and after 
the main negative lobes, see figure 4. A Dirac delta signal 
would produce a perfect time reversal and its ratio would be 
unitary, as the whole energy is confined in the central peak. On 
the other hand, for a totally unfocused signal, such as a sine 
signal, no energy is focused and the ratio is zero. The definition 
of TREF is close to SNR; however, in this case, the unfocused 
signal is not random noise. It can be interpreted as an indirect 
way to measure the spectral richness and the equalization level. 
Strain monitoring by one-bit time reversal instead of the 
conventional time reversal method is performed in exactly the 
same way; the difference resides in transmitting the one-bit 
version of the reference no strain signal, as in (6), and the 
signal received at the last step for the strained medium is 
YTRlbit(£, t) = V sign{h(O, -t)} * h(£, t) . (10) 
In this case, an expression that relates the dependence on 
the time reversal signal with the relative phase differences, 
introduced by the strain, is not available, as in (9). However, 
the focalization properties showed to be quite similar to those 
of the traditional time reversal [6]. Experiments comparing the 
sensitivity between conventional and one-bit time reversal are 
presented in next section. 
IV. EXPERTMENTAL RESULTS 
Experiments were performed in a 3-mm thick, 800-mm 
long and 100-mm wide aluminum plate. The plate is mounted 
over a bridge structure where a variable traction condition is 
applied by threading a nut onto a threaded rod, see Fig. 3. As a 
reference, the actual strain value is measured by a resistive 
strain-gauge placed at the center of the plate. 
o 
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Figure 3. Experimental setup: A and B Transducer, C threaded rod, D hex 
nut, E mounting bracket, F and H fixing screws, G strain-gauge. 
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Three pairs of 2-2 piezocomposite transducers were 
constructed, with PZ37 ceramic from Ferroperm [10]. The 
central frequencies for the composite transducers are 500 kHz, 
1 MHz and 2.25 MHz. This material was developed for NDT 
applications presenting very low acoustic impedance, high 
thickness coupling coefficient, lowest impedance and a better 
frequency band than commercial single ceramic transducers. 
One member of each pair was bonded at each end of the 
aluminum strip plate. 
To generate and to receive arbitrary ultrasound signals, 
commercial equipment is used, (Open System, Lecoeur 
Electronique, Chuelles, France). This equipment is able to 
transmit programmable signals up to 80 MHz and presents a 
12-bit analog to digital converter receiver with a programmable 
preamplifier up to 80dB. 
In order to evaluate the amplitude sensitivity to strain, an 
incremental load was applied to the plate. At the transmitter 
transducer Te, on one side of the plate, an impulsive signal is 
emitted. On the other side of the plate, the signal received at Tr 
was sampled at 10MHz and registered in a 8192 memory 
buffer. The observable time window is 819.2 fls, starting from 
130.0flS up to 949.1flS. See Fig. 1. 
The conventional time reversal signal at null strain state is 
presented in Fig. 4 for the 500kHz transducer pair. Time 
reversal characteristics can be observed, such as time 
compression and amplitude gain and signal symmetry. 
Fig. 5 presents the one-bit time reversal using the same 
transducer pair. Comparing it to Fig. 4, the amplitude gain, of 
3.5 times, and loss of symmetry are observed, as predicted in 
the theory. However, comparing both results, the focusing 
capability is verified to be maintained. The energy efficiency 
indicates how severely the one-bit procedure degenerates 
focusing. This value is calculated for both signals, for the 
conventional one, the value is 32.4%; for the one-bit variation, 
this value decreases to 28.9%. 
The plate structure is submitted to a strain value up to about 
150 fl-strain. The strain sensitivity is observed at the time 
reversal signal by means of the peak amplitude decrease and 
the delay in the focalization time. These values, as a function of 
the load applied, are presented in figure Fig. 6 for a complete 
Figure 4. Received time reversal signal for the 500kHz transducer, all 
acquisition buffer (top) and detail of focusing instant (bottom). The area 
marked in red represents the interval used for calculating time reversal energy 
efficiency. 
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Figure 5. One-bit time reversal signal received for the 500kHz transducer, 
all acquisition buffer (top) and detail of focusing instant (bottom). 
experiment of each transducer pair. The experiment is 
performed by increasing and decreasing the mechanical load, 
recovering the initial condition at the end of the cycle. Fig. 6 
allows observing that both time of flight and amplitude were 
recovered when the plate returned to the initial zero strain 
level. This behavior confirms that the temperature effects are 
minor during the experiments. 
The peak and time shift values were extracted from all the 
time reversal signals recorded at each strain state and correlated 
with the strain gauge value. For each experiment, a linear 
coefficient is calculated both for the amplitude reduction and 
for the focalization time shift. Table I summarizes the 
experiments results; for each Transducer Pair, the TREF for 
null strain state, amplitude decrease per imposed strain (Peak 
column) and Time-of-flight shift per imposed strain (�TOF 
column) are presented, for conventional and one-bit time 
reversal. The one-bit time reversal showed to be suitable for 
strain monitoring. Its sensibility was even greater for all the 
experimental setups. 
V. CONCLUSION 
All the configurations showed a higher sensitivity than its 
normal time reversal version, at least 10% depending on the 
transducer. Experiments with higher TREF presented higher 
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Figure 6. Peak reduction (bottom) and time of flight shift (top) for all the 
traction range applied. The right alTow indicates the load is going up and the 
left aJTOW, the load is going down. 
TABLE I EXPERIMENTS SENSITIVITY 
Conventional Time Reversal One-Bit Time Reversal 
Transducer TREF Peak ATOF TREF Peak ATOF 
Frequency (0/0) (O/O/JlE) (nslJlE) (0/0) (O/O/JlE) (nslJlE) 
500 kHz 32.4 -0.096 0.29 28.9 -0.120 0.34 
I MHz 20.0 -0.029 0.57 18.2 -0.063 0.58 
2.25MHz 25.7 -0.086 0.41 23.5 -0.095 0.45 
amplitude sensitivity as pointed in [9]. Comparing these results 
with the original experiments using commercial monoelement 
transducer [4], higher amplitude sensitivity has been achieved, 
up to about 3.75 times. The time reversal efficiency is used as a 
spectrum figure of merit and reproduces the sensitivity 
behavior. The lost in efficiency using the one-bit time reversal 
variant is not relevant enough to compromise the use of the 
technique considering the benefit of the simplicity it brings. 
The method can be used for strain measurements by 
previous calibration. The one-bit technique reveals an 
important enhancement for the methodology; besides requiring 
simpler hardware, it presented higher sensitivity. This 
improvement can aid the implementation of the proposed 
technique. 
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